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This paper presents the design of the ‘Tree Hugger’, an open access, transportable, 1.1 13 
MHz 1H nuclear magnetic resonance imaging system for the in-situ analysis of living 14 
trees in the forest. A unique construction employing NdFeB blocks embedded in a 15 
reinforced carbon fibre frame is used to achieve access up to 210 mm and to allow the 16 
magnet to be transported. The magnet weighs 55kg. The feasibility of imaging living 17 
trees in-situ using the ‘Tree Hugger’ is demonstrated. Correlations are drawn between 18 
NMR / MRI measurements and other indicators such as relative humidity, soil 19 
moisture and net solar radiation.   20 
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1 Introduction 24 
Wood is a renewable resource with important and widespread uses including building 25 
construction, furniture manufacture, panel products, paper, and energy production. 26 
Wood may be used in a sawn solid-form such as in construction timber, reconstituted 27 
in panel products and paper pulp or re-engineered such as in glulam, plywood or a 28 
range of modern wood engineered products [1]. The pressure from society, global 29 
economics, climate change and the need for more sustainable raw materials are 30 
increasing interest in understanding the sustainability of plantation forestry and 31 
improving methods for processing wood [2]. Key issues for tree management revolve 32 
around water resources: the impact of trees on water tables, and the impact on trees of 33 
the drier summers that are forecast under climate change. Wood drying is a major 34 
factor in timber processing because of the high cost and the necessity to minimise 35 
distortion and fibre collapse. There still remain many fundamental questions 36 
concerning water movement in living trees [3] and water loss and uptake in wood [4]. 37 
Magnetic resonance imaging (MRI) offers the opportunity to non-destructively and 38 
non-invasively study moisture and moisture transport in wood and in particular living 39 
wood. In this paper we look to develop this opportunity through the design and 40 
demonstration of an NMR magnet suitable for measurements on living trees in the 41 
field. 42 
In the green state, wood has a high water content that can be characterized by 1H 43 
NMR. Parameters usually measured include the transverse, T2, and longitudinal, T1, 44 
nuclear spin relaxation times. These parameters depend on the local environment of 45 
the water molecule and are a reflection of its mobility. There have been numerous 46 
studies of relaxation time distributions in wood [5-8] revealing multi-modal patterns 47 
that represent water in different structural environments. The distributions typically 48 
include a slowly relaxing component (T1 and T2 ~100ms) and one or more 49 
intermediate relaxing components (T1 and T2 ~1-10ms), assigned to the cell lumen and 50 
water in cell walls, respectively. The slowly relaxing component is only seen above 51 
the fibre saturation point. The intermediate component(s) can be divided between 52 
water absorbed on internal surfaces, water in clusters and to hydrogen bonds in 53 
plasticised wood polymer. A faster relaxing T2 component (~10-100 µs) with longer 54 
T1, characteristic of hydrogen in the wood solid has also been observed. NMR has 55 
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been used to study diffusion associated with wood cells [9]. In recent work there have 56 
been investigations into water exchange in wood using 2D NMR relaxation exchange 57 
spectroscopy [10] and the bound water interactions and local wood densities [11].  58 
MRI has been demonstrated as a non-destructive method to image the gross structural 59 
features of wood [12,13]. It has also been used to monitor flow of moisture [14] in 60 
wood. The majority of this prior work has been carried out on small samples of felled 61 
timber. However, the use of MRI for investigating intact, small (and not-so-small) 62 
living plants in pots in the laboratory has also been demonstrated. An early example is 63 
the work by Van As and Schaafsma [15] who measured the water flow in an intact 64 
cucumber plant. Later, Kockenberger et al. used the pulsed field gradient (PFG) NMR 65 
method to measure water transport in an intact six-day-old seedling [16] while 66 
Clearwater and Clark investigated the xylem vessel contents of woody lianas [17]. 67 
Windt, van As and co-workers have demonstrated the use of dedicated hardware for 68 
MRI studies on living trees up to 40 mm in diameter and several metres high in a 69 
climate controlled (laboratory) environment [18,19]. 70 
There is growing interest and technological advancement in portable, in-situ MRI. 71 
Such systems include down-bore-hole NMR logging tools for oil wells proposed by 72 
Jackson et al. [20] and the NMR MObile Universal Surface Explorer (NMR MOUSE) 73 
developed by Eidmann et al. [21]. Van As et al. [22] demonstrated the use of a small 74 
permanent magnet system to study water content and transport in cucumber plants in 75 
greenhouse and climate controlled chamber environments. Portable NMR systems 76 
have been used to investigate the moisture content of wood [23,24] and have been 77 
used in cultural heritage for the in-situ investigation of degradation of wooden 78 
artwork by moisture [25]. The NMR-CUFF, developed by Windt et al. [26] and a 79 
portable 0.47T magnet developed by Rokitta et al. [27], have been demonstrated 80 
outside of the laboratory (in greenhouses) on small living plants up to 20 mm in 81 
diameter. In 2006 Okada et al. presented preliminary MRI measurements of a living 82 
maple tree outdoors [28]. More recently Kimura et al. have reported the use of a 0.3T 83 
permanent magnet to image and investigate disease in small branches of a pear tree 84 
outdoors [29]. The system used comprised a magnet mounted on a turntable and 85 
mechanical lift that could be manoeuvred into place around tree branches up to 30 86 
mm in diameter and up to 1600 mm above the ground. 87 
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In this paper we describe an MRI magnet and spectrometer system that has been 88 
specifically designed for the imaging of living trees. It is transportable and offers an 89 
open access space of 210 mm diameter. We present NMR measurement results from a 90 
study of a bird cherry (Prunus padus) tree over a summer growing period and show 91 
how these correlate well with environmental indicators such as relative humidity, soil 92 
moisture content, solar radiation and conventional thermal dissipation sap flow 93 
measurements. 94 
 95 
2 The “Tree Hugger” magnet and spectrometer 96 
The “Tree Hugger”† magnet is purpose designed to fit around a living tree.  To this 97 
end, key design criteria included a requirement for “open access” and minimal weight 98 
in order that it is transportable. Several designs were explored including traditional 99 
“C-core”, Halbach arrays and specifically “NMR cuffs”. The final design may look 100 
like a “C-core” in external appearance, but in fact does not feature a magnetic material 101 
return flux path. It is shown schematically in Figure 1a. The two poles comprise 5 102 
concentric rings of magnetic material made from 174 small and carefully matched 103 
single blocks of NdFeB. The block sizes range from 25 × 20 × 9 mm3 (inner ring) to 104 
28 × 57 × 18 mm3 (outer ring). The radial profile of the rings was optimised using 105 
proprietary optimisation software so as to yield a homogenous magnetic field over a 106 
central sphere between the poles. The rings are at radii ranging from 15.2 to 196 mm. 107 
The rings are set in two fibre-reinforced-resin substrate plates that are held apart by a 108 
polymer block at one end. This construction is strong enough to yield a rigid 109 
construction able to withstand the considerable attractive magnetic force between the 110 
poles. The magnet has a central field strength of 0.025 T. The plate separation is 210 111 
mm with design homogeneity of 1000 ppm over a 200 mm diameter-sample-volume 112 
(dsv). However, the actual build homogeneity is closer to 2000 ppm over 140 mm 113 
dsv, due partly to inevitable imperfections and also the fact that one magnetic block 114 
slipped by about 1 mm during bonding. Such homogeneity is normally considered 115 
poor. However, it should be noted that 2000 ppm at 1 MHz is equivalent to 100 ppm 116 
                                                
† The name “tree hugger magnet” was first coined by Professor John Strange and Dr Peter Blümler at 
the University of Kent in the late 1990’s. 
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at 20 MHz or 20 ppm at 100 MHz. The actual field gradient created by an assumed 117 
linear 2000 ppm over a 70 mm distance (radius-sample-volume) is just 285 Hz/cm or 118 
circa 0.67 mT/m. While passive shimming of the magnet is potentially possible, as 119 
has been shown elsewhere [31,32] this has not yet been attempted with the “Tree 120 
Hugger”.  The magnet weighs 55 kg (22kg magnetic material, 33kg frame). The 121 
temperature drift of the magnetic material is 1.1 kHz / °C. In situ temperature drift 122 
due to solar radiation was minimized by insulating the magnet poles with 50 mm thick 123 
sheets of Celotex (Celotex Insulation Ltd, Ipswich, UK). Measurements of drift in the 124 
field were typically 3 kHz/hour without insulation but were reduced to 140 Hz/hour 125 
with insulation. This is less than 15% of an image pixel width in units of frequency 126 
per acquisition.  127 
MRI requires magnetic field gradients. To this end a standard set of NMR gradient 128 
coils have been constructed using conventional current windings again set in resin 129 
plates along with water-cooling pipes. The two gradient plates each weigh 15 kg and 130 
can produce a field gradient of 1.06 mT/m/A for the z-gradient (defined as between 131 
the poles) and 0.64 mT/m/A and 0.68 mT/m/A for the x and y gradients respectively. 132 
The gradient plates slide into slots alongside, and are secured to, the magnet pole 133 
plates as required. The access space is not reduced by attaching the gradients. Figure 134 
1b shows the magnet as built with the gradient plates pulled half way out. 135 
The NMR coil is based on a standard solenoidal winding except that it can be opened 136 
along its length so that it can be wrapped around the tree. The coil used in this work is 137 
14 cm in length and diameter and comprises 20 turns. This is achieved by etching the 138 
windings as copper stripes on a large flexible printed circuit board with a long 139 
purpose designed edge connector made of PTFE and standard electrical fittings. The 140 
coil is manufactured with an integrated copper Faraday shield made from multiple 141 
layers of woven-copper cloth spaced from the coil by PTFE spacers mounted on, and 142 
running the length of the printed circuit board. The coil is series tuned to 1.1 MHz 143 
with a capacitor. A resistor is used to bring the resistance up to 12.5 Ohms and a 144 
transformer to convert this to 50 Ohms as we have previously described for other 145 
systems [30]. We find this coil tuning arrangement well suited to low frequency, large 146 
volume NMR coils.  147 
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Figure 1c shows the magnet with gradient and radio frequency coils fitted wrapped 148 
around a living tree. 149 
The radio-frequency electronics comprises a Maran DRX spectrometer (Oxford 150 
Instruments, Oxon, UK) and a 1 kW Tomco RF power amplifier (Tomco 151 
Technologies, Australia) with a combined weight of 46 kg. We use three in-house 152 
design and build gradient amplifiers capable of generating 25 A gradient pulses per 153 
channel at 30% duty cycle. These amplifiers are also used to provide continuous first 154 
order x, y and z gradient shim currents through the gradient coils. Each amplifier 155 
comprises three stages of amplification: a pre-amplifier stage based on NE5532AP 156 
(Texas Instrument) low-noise Op-Amps; a driver stage based on MJE15032 NPN and 157 
MJE15033 PNP (ON Semiconductor) devices; and a power stage. The power stage is 158 
based on 4 pairs of MJL4281AG NPN and MJL4302AG PNP (ON Semiconductor) 159 
transistors in class B push-pull configuration connected in parallel. The amplifiers are 160 
stabilised by negative feedback and are dc coupled throughout. The voltage gain is set 161 
to 38 dB and is linear to better than 1.5%. With a 1.5 Ω resistive load, the pulse rise 162 
time is 10 µs (10%-90%) and there is no measureable droop between two 1 ms pulses 163 
spaced 3 ms apart. The three amplifiers together weigh 26.5 kg  164 
 165 
3 Method 166 
NMR images were obtained using a 2D spin-warp sequence [33]. The read gradient 167 
was applied along the x-axis (Fig. 1a) before the 180 degree sequence refocusing 168 
pulse and after during data acquisition. The phase encode gradient was applied along 169 
the z-axis. When used, slice selection was achieved with a soft 90 degree Gaussian 170 
excitation pulse and the slice selection gradient was applied along the y-axis, parallel 171 
to the (vertical) tree trunk. Typical experimental parameters are given in Table 1.  172 
The magnet was left continuously in-situ around a bird cherry tree for a period of 3 173 
months during the summer 2011 and taken to site periodically at other times. The tree 174 
was planted in the late 1980s and had a trunk diameter of 90 (±2) mm at the centre of 175 
the RF coil 550 (±5) mm above the ground. The crown of the tree was around 2.5 – 3 176 
m and the height of the tree was 6.1 m. The soil is sandy and well drained.  The tree 177 
was one of a small plantation of around 20 trees spaced in a square array with spacing 178 
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4-5 m. The tree chosen was growing unusually straight which facilitated the study. 179 
The spectrometer was wheeled to site and cross-section images of the tree acquired 180 
periodically throughout the summer. Electrical power could have been provided by a 181 
portable generator but was, in fact, sourced via a cable from a nearby (25 m) storage 182 
shed. 183 
The tree and its immediate environs were serviced by a weather station close to the 184 
tree and this was backed up by a second nearby weather station. These weather 185 
stations are described in Table 2. Soil moisture sensors (ML2x ThetaProbe, Delta-T 186 
Devices, Cambridge) were installed either side of the tree (1.5 m from the base), in a 187 
line parallel to the tree (east / west in subsequent text). Sap velocity thermal 188 
dissipation probes (Dynamax Inc., Houston) were placed 750 (±5) mm above the 189 
centre of the RF coil again east / west on either side of the tree trunk and recorded on 190 
the same data logger as used to record data from the weather station. 191 
 192 
4 Results 193 
4.1  Resolution test 194 
Figure 2 shows a test image recorded from a phantom sample comprising a square 195 
array of water filled 8 mm internal diameter NMR tubes with a basic lattice spacing of 196 
11.8 mm. Therefore, there is a mark space ratio of 8:3.8 (equals approximately 2) 197 
across the phantom. The image was acquired using slice selection with a slice of 198 
around 55 mm. One tube was left unfilled to orient the array. The image clearly shows 199 
the unfilled tube and most of the tubes individually resolved. The image shows 200 
significant shear distortion due to the residual magnet inhomogeneity resultant from 201 
the misplaced NdFeB block. Fortuitously, much of the inhomogeneity is relatively 202 
well defined and the resultant shear could likely be largely corrected by image 203 
processing. However this has not been done to this, or any other image reported here. 204 
The calculated pixel size is 1.1 mm (the data is zero filled to 128 points). The actual 205 
image resolution is about 2.5 mm, based on the observation that all the tubes are 206 
clearly resolved.  207 
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In much of the following work, integrated intensities across critical regions of images 208 
are reported. In order to assess the noise in such images, the phantom sample was 209 
measured 3 times during the course of a week. Post-late August, when electrical 210 
earthing of the lap-top computer and water cooling pump were improved, the 211 
variation in total intensity across the three measurements was better than 1%. Pre-late 212 
August, the noise was somewhat worse, with reproducibility closer to ± 3%. Intensity 213 
variation of tree images to be discussed is harder to gauge as the tree water content is 214 
continuously changing. However, by calculation from the phantom variability, and by 215 
inspection of successive tree images in “quiet” periods, we judge that the 216 
reproducibility of the tree image daily-maximum integrated-intensity is circa ± 6% in 217 
mid August, and better than this in September.   218 
4.2 Tree physiology and water distribution 219 
Figure 3 shows an exemplar image of the cross section of the tree. The image was 220 
recorded with the standard set of parameters (no slice selection) (Table 1) and took 34 221 
minutes to acquire. In particular the echo time was 2τ = 4 ms. A 13 mm internal 222 
diameter test tube filled with doped (CuSO4) water was attached to the tree as a 223 
reference signal and can be seen in the image. The different areas of the tree structure 224 
are clearly seen.  The sapwood (or xylem) shows most brightly in the image (higher 225 
magnitude). This is where the majority of water is found in the tree and where the 226 
water transport up the trunk takes place. The heartwood is seen as a darker region in 227 
the centre. The heartwood is completely dead with a higher accumulation of 228 
extractives and a lower water content (typically 50% in cherry) than the sapwood 229 
resulting in the lower magnitude of signal. The low intensity outer ring is due to the 230 
bark where again there is less water than the sapwood and where T2 is lower. We note 231 
that several authors report that the brightest region of a tree cross-section MR image is 232 
the cambial zone between the bark and sapwood [18, 19, 34]. The cambial zone is 233 
typically only a few cells wide, with a thickness of perhaps 20 - 60 µm [35]. Hence, 234 
while this ring is seen by others in high resolution images acquired at higher field 235 
strength, we simply do not have the resolution or slice selectivity to see it separately: 236 
it is incorporated into the sapwood. 237 
A set of comparable images were acquired to measure the echo time dependence of 238 
the image intensity and hence to obtain a spatially resolved estimate of the spin-spin 239 
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relaxation time. Images were acquired, on a warm, dry day in mid September, using τ 240 
= 2, 4, 8, 16, 32, 64 and 128 ms. Example images are shown in Figure 4. As τ is 241 
increased, water hydrogen with a T2 shorter than 2τ progressively attenuate in the 242 
image. This allows water in different structural environments to be selectively 243 
visualised. Regions of interest representing the sapwood and heartwood were selected 244 
in the images as illustrated by the circles on the image in Figure 4a. The average 245 
signal per pixel of these regions is plotted in Figure 5. One and two component 246 
exponential decay fits were used to fit the data. The T2 of the test water sample is 247 
estimated to be 25.0 ± 1.4 ms compared to a laboratory measurement at 20 MHz of 40 248 
ms. Mitchell et al. [36] have published the T2 of CuSO4 doped water as a function of 249 
concentration at frequencies of 5 and 60 MHz. Our results are in line with their data.  250 
In the wood, the two component T2 fits were demonstrably better than the one 251 
component fits. The data quality does not warrant an attempted fit with even more 252 
components. Using the two component fits, the T2 values in the heartwood and 253 
sapwood regions were estimated and are shown, along with the component amplitudes 254 
in Table 3. Errors were determined from a combination of slightly varying the region 255 
of interest (so as to include / exclude marginal pixels) and by repeatedly adding white 256 
noise of the same standard deviation as the image background to the data sets. The 257 
majority of previous work measuring T2 in wood has involved softwoods due to their 258 
simpler structure. Bird cherry is a hardwood. The T2 values found using two 259 
component exponential fits in this work, show a T2 of around 2.8 ± 0.2 ms in the 260 
heartwood and 2.1 ± 1.1 ms in the sapwood. This T2 can be assigned to bound water, 261 
as in Elder et al. [37] where values of T2 between 0.75 ms and 3 ms were found. Elder 262 
et al. also report a medium component of T2 between 10 ms and 100 ms for the four 263 
hardwood species they investigated. This medium T2 value was seen in the living tree 264 
heartwood with T2 around 40 ms. This component had lower amplitude than the fast 265 
T2 component in the heartwood and is assigned to the liquid water in the cells of the 266 
heartwood. A slow, greater than 100 ms, T2 component value usually assigned to 267 
water in the vessel elements is reported in previous work [18, 37, 38]. This was seen 268 
in the sapwood region with a T2 of around 111 ms. These T2 values and amplitudes 269 
suggest, as expected, that there is more mobile water in the sapwood than the 270 
heartwood. It would be expected that the amplitude of the slower relaxing components 271 
would be higher than the faster components: however, the opposite was found.  272 
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Differences in relaxation behaviour compared to expectation are not explained by 273 
molecular diffusion in the magnet inhomogeneity gradient. Taking the diffusion 274 
coefficient of free water, D = 2.2 10-9 m2/s, the additional attenuation at the maximum 275 
echo time, 256 ms, is 9.4%, at 128 ms it is 1.2% while at all other echo times it is less 276 
than 0.2%. Analysis of simulated data, using the actual data acquisition echo times, 277 
shows that the resultant error in the longest measured T2 (111 ms) is less than 4%. 278 
Therefore we infer that the inhomogeneity gradient, while affecting the T2 279 
measurement, is not a major source of error. Diffusive attenuation due to the imaging 280 
gradients is negligible. 281 
 282 
4.3 Daily water cycle 283 
The southern UK summer 2011 was characterised by a long, hot and dry spring 284 
followed by a warm but wet summer compared to UK averages.  285 
Figure 6 (upper part) shows a plot of image magnitudes from the daily cycle of the 286 
tree on three days in mid August: the 15th, 17th and 19th. Images of the tree were 287 
acquired from early morning until late evening. Figure 6 (lower part) show associated 288 
indicators: net solar radiation and relative humidity. On the 17th and 19th the image 289 
intensity starts moderately high in the early morning and falls back before the 290 
expected daily cycle begins. In contrast, the high start is not there on the 15th, or 291 
otherwise occurred earlier. This is thought to be due to the effects of relative humidity 292 
(RH) during the preceding night. There is low RH overnight on the 14/15th whereas 293 
overnight on the 16/17th and the 18/19th the RH is high. Due to the high RH, less 294 
water is lost overnight through the leaves on the 16/17th and the 18/19th compared to 295 
the 14/15th so that the amount of water stored in the tree trunk builds up. Then, as the 296 
tree becomes active in the morning, with increased radiation and falling RH, leaf 297 
transpiration increases and the stored water is removed from the tree trunk: the image 298 
magnitude decreases. The effect of RH can also be seen in the time of the maximum 299 
image magnitude on the 15th and 19th. On the 15th the RH starts low and drops early so 300 
that the image maximum is before noon. In contrast, on the 19th the RH starts high and 301 
drops late so that the image maximum does not occur until mid-afternoon. The effect 302 
of the net radiation can also be seen in the image magnitude plots. The higher net 303 
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radiation on the 19th (along with higher soil moisture content on this day, not shown) 304 
leads to a higher peak in image magnitude than on other days. A combination of low 305 
soil moisture content, low net solar radiation, and RH pattern (late morning fall and 306 
early evening rise in RH) on the 17th means that the tree is much less active on this 307 
day than the others and hence that there is less variation in image magnitude.  308 
 309 
4.4 Soil moisture and droughting study 310 
The plots in Figure 7 show integrated NMR image magnitudes and soil moisture 311 
content plotted over 8 days in late May and early June and 12 days in mid August 312 
2011.  Images were not acquired on all days due to rain. The magnitudes plotted are 313 
the maxima recorded each of these days for the integrated sapwood.  Soil moisture 314 
was recorded pseudo-continuously 1-1.5 m from the base of the tree. The plots show 315 
the image magnitude falling and rising in strong correlation with the soil moisture 316 
content. Its can be seen in the plots that magnitude in May/June decreases further and 317 
faster than in August (to 55% and 80% of maximum respectively) even though the 318 
soil moisture contents are similar. This increased fall in magnitude can be explained 319 
by the lower relative humidity in May/June. The relative humidities for two days at 320 
the start of each period were compared. The lower relative humidity on 31st May and 321 
1st June (minimum of 37% and 36%, respectively) mean that more water can be lost 322 
via the leaves and the dry soil means there is limited water to replace the water lost 323 
via transpiration. The higher relative humidity on August 10th / 11th (minimum 55% 324 
and 75% respectively) means that less water is lost through transpiration so the tree 325 
retains more water and the magnitude drops at a slower rate.  326 
Figure 8 (upper) shows the soil moisture content for the 30th July to the 1st August. 327 
For these three days the ground on the east of the tree was covered with plastic 328 
sheeting to keep the roots dry and the ground on the west was watered with 1000 litres 329 
of water on the 30th July and 300 litres on the 31st July using a sprinkler system in a 330 
2x2.6 m2 area. The plot in Figure 8 (lower) shows the image magnitudes over a twelve 331 
hour period on 1st August. The graph shows greater magnitude in the east side of the 332 
tree. This is the opposite side to the wet ground. This increased magnitude in the east 333 
side of the tree is also shown in the sap flow plot in Figure 8. Data for the 1st 334 
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September is also shown. On this day the soil moisture content was comparable either 335 
side of the tree and the image magnitude is also equally comparable on either side.  336 
The difference in image magnitude between the west and east sides of the tree on the 337 
1st August is confirmed by simple inspection of Figure 9, from which the data is 338 
extracted, compared to Figure 3. The image shows increased magnitude in the east 339 
side of the tree. This increased amount of water in the opposite side of the tree to the 340 
watered ground suggests that the flow in the tree is moving in a spiral pattern – so 341 
called “grain rotation” that is thought to aid uniform distribution of water resources 342 
within the tree [39]. To check this observation we removed a bark strip close to the 343 
NMR measurement height and measured the grain angle: 14 (±1.5) º. This translates 344 
to a grain rotation of 195 (±25) º at the outside of the sapwood (40 mm from the 345 
centre of the tree) between soil level and the centre of the NMR coil in good 346 
agreement with the observation.    347 
 348 
4.5 Seasonal changes 349 
The changes in the moisture content and activity of the tree as the season changed 350 
from summer to autumn were monitored. Figure 10 shows plots of the image 351 
magnitude and net radiation for daily cycles of the tree on one day in mid summer and 352 
one day in early autumn, 15th August and 13th September respectively. These days are 353 
chosen due to their similar relative humidity and net solar radiation. On both days the 354 
image magnitude changes in correlation with the net radiation and the maximum 355 
image magnitudes are similar. However, there is much less variation on the 13th 356 
September. The ratio of minimum to maximum magnitude on 15th August is 60% 357 
whereas on 13th September it is 90%. This is due to the reduced number of leaves and 358 
change in colour of the leaves on the tree, shown in Figure 10, in September leading 359 
to a lower transpiration rate (sap flow is an average of 340 g/hr compared to 1120 g/hr 360 
on 15th August) and less water being lost via the leaves. In September the tree appears 361 
to be just a reservoir of water, it is as wet as in the summer but with much less flow. 362 
 363 
  5 Overall discussion, outlook and conclusion 364 
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We have successfully demonstrated an open access, transportable, 1.1 MHz 1H 365 
nuclear magnetic resonance magnet for the in-situ analysis of living trees. The system 366 
has been used to make images across the stem of a small bird cherry tree over a 3 367 
month period during the 2011 summer. The system showed clearly the water 368 
distribution across the stem with large contrasts in image intensity between the higher 369 
moisture content sapwood and the lower moisture content heartwood and bark. The 370 
system is able to identify the distribution of water in different wood structural 371 
environments by changing the echo time (2τ) so that water in the cell lumen and water 372 
in the cell wall can be separately identified. 373 
The system was able to run continuously and record images approximately every 34 374 
minutes. This allowed diurnal and seasonal changes in the water profile across the tree 375 
to be visualised. The image intensity was shown to be strongly correlated to 376 
meteorological conditions and in particular RH, soil moisture and solar radiation. 377 
However, the tree response varied with the season. Similar meteorological conditions 378 
in June and September led to quite different responses in the sap flow because the 379 
leaves had already begun to change in September and there was much less 380 
transpiration. A further study demonstrated the tree response to differential soil 381 
moisture by irrigating the soil on one side of the tree and keeping the other side dry. 382 
The image from the “Tree Hugger” had clear differences around the sapwood area and 383 
illustrates that the water has followed the spiral grain of the tree so that the water had 384 
rotated about 180 degrees by the time it was measured at 550 mm above the ground. 385 
Notwithstanding the forgoing previous interpretation, the data in Figures 6 and 10 386 
pose an interesting question. The tree moisture content as measured by MRI tends to 387 
have an overall daily maximum in the middle of the day, just when transpiration 388 
might be expected to be greatest and hence when water reserves are being most 389 
rapidly consumed. The only full 24 hour cycle data we have suggests that there is a 390 
corresponding overall minimum in the early, pre-dawn hours. While we may 391 
speculate that there is a complex interplay between the rates of charging and 392 
discharging of water within the trunk from the roots and leaves respectively we have 393 
as yet been unable to fully interpret the result. We seek to explore it further in a future 394 
growing-season, perhaps by measurements at different heights along the trunk. 395 
 396 
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The “Tree Hugger” provides new opportunities for detailed measurements of water 397 
movement in living trees, in logs and in sawn timber. It has the potential to help 398 
provide an improved understanding of tree physiology and in particular the movement 399 
of water through changes in image magnitude on perhaps an hourly basis in living 400 
trees. Some particular areas of use could be as follows: 401 
• It can provide a much more accurate integration of water across the whole tree 402 
stem than the use of individual sap flow sensors. In addition it avoids the problems of 403 
wound response associated with sap flow sensors that have to be inserted into the tree 404 
[40] 405 
• The system can be left in situ for long periods allowing detailed monitoring of 406 
diurnal and seasonal changes in water content that would augment current 407 
assessments of total water usage of trees. 408 
• Differential water content across the stem can be monitored and therefore the 409 
impacts of rooting restrictions such as ditches, pavements, roads, etc. could be 410 
evaluated. 411 
• The “Tree Hugger” should be ideal for monitoring rewetting in mature trees 412 
following a severe drought. MRI has previously been used to study refilling of cells 413 
after cavitation. However, these studies have been confined to e.g. saplings and roots 414 
using small magnets and coils [41,34]. The “Tree Hugger” offers the opportunity to 415 
make these measurements non-invasively on more mature trees, which has been a 416 
criticism of previous measurements and other methods and has led to a great deal of 417 
debate within the tree physiology community [42]  418 
• The system is potentially able to monitor heartwood development as the 419 
boundary between the heartwood and sapwood moves outwards in the autumn and the 420 
transition zone dries out. It may also be able to identify fungal ingress into trees as the 421 
fungus modifies the cell wall structure. At present such fungal movement can only be 422 
determined by destructive sampling of the tree. 423 
The “Tree Hugger” is a new non-invasive system for investigating structure and water 424 
content in mature trees and wood. The key advantage of the current system with 425 
 - 15 - 
regard to previous MR systems used for this purpose is size: the “Tree Hugger” can 426 
image trunks of the order of 100 mm in diameter. 427 
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Table 1 Image acquisition parameters for 2D spin warp sequence 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Parameter Value 
P90 hard / soft 0.022 ms / 0.1 ms 
P180 hard 0.042 ms 
τ (P90-P180 pulse separation) 2 ms (min) – 128 ms (max) 
Sampling rate 50 kHz 
Relaxation delay 1000 ms 
Gradient pulse length (Gx / Gz) 1 ms 
Gx (read) /  Gz (phase) /  Gy (slice) 8.2 / ± 8.6 / 2.4 mT/m 
Number of read points/ phase steps  64 
Number of averages 32 (typical) 
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Table 2 Parameters measured and distance from the tree for the weather stations  
 
 
 
 
 
 
 
 Weather station 1 Weather station 2 
Distance from tree 2.5 m 150 m 
Temperature Yes Yes 
Relative humidity Yes Yes 
Net radiation No Yes 
Soil moisture Yes No 
Rainfall No Yes 
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Table 3 T2 parameters for two component exponential fits averaged over the sapwood 
and heartwood regions. 
Region Amplitude per 
pixel (arb. units) 
T2 (ms) 
Sapwood 3.5 ( ± 0.3) 111 ( ± 18)  
11.2 ( ± 2.5) 2.1 ( ± 1.1)  
Heartwood 1.6 ( ± 0.1) 39 ( ± 3)  
8.9 ( ± 0.7) 2.8 ( ± 0.2) 
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Figure captions. 
Figure 1 a: Schematic of magnet design showing open access frame and concentric 
ring design (4 of 5 rings shown) of magnet with a mock tree between the poles; b: 
magnet as built with the gradient plates pulled half way out and c: magnet around a 
tree at Forest Research, Farnham, UK. 
 
Figure 2 A 2D image of an array of water filled test tubes used as a resolution test 
phantom. One test tube is left absent for image orientation. 
 
Figure 3 Cross section image of the bird cherry tree, recorded September 2011. The 
white dot towards the top of the image is the reference tube of water. 
 
Figure 4 Cross section images of the tree using an echo time of 2τ = 8, 16, 32 and 64 
ms (a to d). White circles in (a) show estimated areas of heartwood (inner) and 
sapwood (outer) used in image analysis. 
 
Figure 5 Average image intensity per pixel in sapwood (circles) and heartwood 
(squares) as a function of echo time, τ. Two component exponential fits to the data are 
shown. 
 
Figure 6 Top: Plots showing average image intensity for the tree for three non-
consecutive summer days (squares 15th August, triangles 17th August, circles 19th 
August). Bottom: Net solar radiation (symbols, left axis) and relative humidity (lines, 
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right axis) for the same days. The times of sunrise (sr = 04:52 hrs, 17/8) and sunset (ss 
= 19:21 hours, 17/8) are additionally shown on the upper axis for reference. 
 
Figure 7 Soil moisture content (lines, right axis) and maximum tree-image average-
intensity (circles, left axis) over 8 consecutive days in May and June (top) and 12 days 
in August (bottom). The date tick labels are centred on midday. 
 
Figure 8 Top: Plot showing soil moisture content for 30th, 31st July, 1st August and 1st 
September on either side of the tree (solid line: west; dotted line east) as well as sap 
flow for the 1st August and 1st September (heavy solid line: west; heavy dotted line: 
east). Bottom: Average image intensities for 1st August and 1st September (open 
squares: east; filled circles: west). Notice that on the 1st August the early morning 
image intensity is almost identical east and west (overlying data points) and that the 
sap flow and image intensity are both “reversed” compared to naïve expectation from 
the soil moisture content and is due to rotation of water around the tree by the spiral 
grain (see text). The soil moisture is comparable east and west on the 1st September, 
as are the image intensities: this day is used as a “control”. Note the break of axis 
between 1/8 and 1/9. 
 
Figure 9 Image of tree acquired at 18:00 1st August 2011showing reduced magnitude 
in the west side. The white line shows east / west split used in image analysis. This 
image was acquired with a lower gradient strength than given in the typical 
parameters in Table 1.  
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Figure 10 Image magnitude (black squares, left axis) and net solar radiation (open 
circles, right axis) on 15th August (top) and 13 September (bottom). (The fall in 
radiation at 13:00 on 13th September is due to increased cloud cover). Photographs 
show same area of tree on the 15th August and 13th September illustrating the 
changing leaf cover. 
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FIGURE 10 (including colour photos – these may be printed black and white) 
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